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CHAPTER І

INTRODUCTION

Providing a sustainable supply of energy to the world’s population will become a major
societal problem for the 21st century as fossil fuel supplies decrease and world demand increases
[1]. Recently, research in thermoelectricity is directed toward new improved materials for
autonomous sources of electrical power for specialized medical, terrestrial and space applications
[2]. Thermoelectric materials are semiconductors that function as “heat pumps” and as heat-toelectricity converters. Thermoelectric power generation allows for small size, high reliability, and
quiet operation. Efficient thermoelectric-based heat-to-electricity converters, however require
higher performance materials than are currently available [3].
In a typical thermoelectric device, a junction is formed from two different conducting
materials, one containing positive charge carriers (holes) and the other negative charge carriers
(electrons). When an electric current is passed in the appropriate direction through the junction,
both types of charge carriers move away from the junction and convey heat away, thus cooling
the junction. Similarly, a heat source at the junction causes carriers to flow away from the
junction, making an electrical generator [4].
The conversion of heat to electricity by thermoelectric devices could play a key role in
the future for energy production and utilization. However, in order to meet that need, more
efficient thermoelectric materials are required that are suitable for high-temperature applications
[9]. Recently ‘‘open structured’’ semiconducting compounds for thermoelectric applications have
become very popular due to their characteristically low-thermal conductivities. The host atoms in
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such materials build up weak bonds with interstitial atoms occupying ‘‘voids’’ in these structures
leading to localized vibration modes. These localized modes resonantly scatter acoustic-mode,
heat-carrying phonons. This concept has been studied in the Skutterudite material system where
very low-thermal conductivities are possible when the voids are filled with Lanthanide ions [29].
The conversion efficiency of TE devices is related to the dimensionless ﬁgure of merit
(ZT), deﬁned as
ZT =
where

, T, and

(1.1) [22]

are the Seebeck coefficient, electrical conductivity, absolute temperature in

Kelvin, and thermal conductivity, respectively. High-performance TE materials require high
high , and low

coefficients [10].

1. Insulators, Conductors and Semiconductors

Band theory (see Appendix A) explains why a solid is an insulator, conductor, or a
semiconductor. Energy bands are filled by the electrons depending on each atom’s proton
number. Electrons tend to fill the lowest available energy bands. First the valence band is the
band that is almost filled completely by electrons when the temperature is stable at 0 K. These
electrons are the carriers of electricity when they gather enough energy to leave their energy band
and go up to a higher energy level. The electrons occupy states up to the Fermi level (see
Appendix B). Conduction occurs by driving electrons into the conduction band, which starts at
the Fermi level. The Fermi level is usually found at the center between the valence and
conduction bands [35], [36], [37].
Insulators: When the valence band is full, the solid is considered an insulator. These
materials do not conduct electrical current because the outer electrons are tightly bound. In other
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words, in order for a valence electron to become free and transition into the higher band, the
electron must gain enough energy. However, in the case of insulators, the energy gap between the
valence band and conduction band is too large. Forbidden energy gaps in an insulator are around
5 eV or more (Fig. 1.1 (d)). On the other hand, it is possible that an insulator may become
conductive if either its temperature is raised very high or a high voltage is applied across the
insulator [23], [28], [39].

Metals

Semiconductors

Insulator

Conduction band

Valence band

(a)

(b)

(c)

(d)

Figure 1.1 Energy band (see Appendix A) gap diagram exhibiting energy band gap in (a), (b)
conductors, and (c) semiconductor, and (d) insulators.
Conductors: Band theory (see Appendix A and B) also explains the situation when
materials show conductive behavior. There are two possible scenarios in this case. In the first
case, the valence band is not completely filled. Electrons in the valence band can easily travel to
the conduction band. However, the electrons will still need small amounts of energy to move
between the conduction band and the valence band. (see Figure 1.1 (a)). In the second situation,
there are some materials where the energy gap between the conduction band and valence band
can be so small that they overlap (see Figure 1.1 (b)) [23], [40], [41].
Semiconductors: These are materials that show characteristics of both insulators and
conductors. In semiconductors, the valence band is filled, and although they have an energy gap
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between the valence band and the conduction band, the energy gap is not as large as in insulators,
as shown in Figure 1.1 (c). The forbidden energy gap is about 1 eV (for example silicon, Eg= 1.12
eV and for Ge, Eg= 0.72 eV). Germanium and silicon are the best known semiconductors. It is
even possible that at room temperature there might be transitions between the valence band and
the conduction band. Semiconductors conduct electricity less than pure conductors and the
resistivity of these materials is greater than that of a conductor. The conductivity depends on
temperature and doping factors. The resistivity of semiconductors ranges from 10–4 to 104Ωm
and it is possible to decrease it with an increase in temperature as seen in Figure 1.2. These

Resistivity

materials are found with crystalline structures [23], [36], [39].

Temperature
Figure 1.2 The temperature dependence of the resistivity in semiconductors [50].
Table 1.1 displays the semiconductors in Mendeleev’s periodic table. There are two
groups of semiconductors. The first one is elemental semiconductors found in group IV of the
periodic table, and the second group contains the compound semiconductor materials that are the
products of special combinations of group III and group V elements. In addition, impurity atoms
can be added to semiconductors (indium, arsenic, gallium, etc.). Impurity atoms will give
different electrical properties to the semiconductor [52].
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Group

III

IV

V

VI

B
(Boron)
Al
(Aluminum)
Ga
(Gallium)
In
(Indium)

C
(Carbon)
Si
(Silicon)
Ge
(Germanium)
Sn
(Tin)

P
(Phosphorus)
As
(Arsenic)
Sb
(Antimony)

S
(Sulfur)
Se
(Selenium)
Te
(Telluride)

VII

Period
II
III
IV
V
VI

I
(Iodine)
At
(Astatine)

Table 1.1 Position of semiconductor elements in the Mendeleev table [53].
Semiconductors can be classified into two types: Intrinsic and extrinsic.

A. Intrinsic Semiconductors

An intrinsic semiconductor is the purest undoped form of semiconductor. A
semiconductor can be classified as intrinsic if the impurity is less than 1 part in 100 million parts
of semiconductor. As stated earlier, a semiconductor can become conductive when there is an
increase in temperature. When the temperature rises, some electrons gain enough energy to make
the transition from the top of the valence band to the lowest parts of the conduction band.
Electrons convey charge through the semiconductor, so they are the called charge carriers or just
carriers. After electrons make the transition, they leave holes in the valence band and these holes
act like positive charges when a field is applied. The concentration of charge carriers varies,
depending on the purity and the temperature of the semiconductor. Figure 1.3 illustrates the
temperature dependence of the charge carrier concentration in an intrinsic semiconductor. The
charge carrier concentration increases with temperature because more electrons make a transition
from the valence band to the conduction band [23], [44].
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ln(n)

1/T
Figure 1.3 Temperature dependence of charge carrier concentration of intrinsic semiconductors
[23].
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B. Extrinsic Semiconductors

If an intrinsic semiconductor is doped with atoms that cause it to have different electrical
properties, that semiconductor is called extrinsic. Doping atoms can be classified as either
acceptor or donor depending on their effect on the intrinsic semiconductors. If the dopant material
increases the hole concentration in the intrinsic semiconductor, it is called an acceptor impurity.
On the other hand, if the impurity atoms donate extra valence electrons to the intrinsic atom’s
conduction band, it is called a donor impurity. Doping can be done by adding an appropriate
number of impurity atoms. Therefore, the electrical conductivity can be changed considerably.
Extrinsic semiconductors are divided into two groups [23], [36], [42]: N-type semiconductor and
P-type semiconductor.

1.

N-Type Semiconductors

If a pentavalent impurity that has 5 electrons in the outer shell (antimony (Sb),
phosphorus (P), and arsenic (As)) is added to an intrinsic semiconductors like germanium or
silicon, which have 4 electrons in their outer shell, those four electrons will form bonds with the
semiconductor in the crystal and one electron will be left free in the crystal structure. As a result
of this, n-type semiconductors are formed. Whit no change in the crystalline structure of the
semiconductor, as shown in Figure 1.4 [23], [43].
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Free
electron

Figure 1.4 Antimony atoms act as a donor in the simplified Ge lattice and create free electrons.
As a result of this process, free electrons in the germanium crystal increase its
conductivity considerably. In n-type semiconductors the majority of the charge carriers are the
electrons whereas holes are minority carriers. The free electrons that are left by impurity atoms in
the crystal can be seen in Figure 1.4 [23].
The semiconductor crystal doped by impurity atoms stays electrically neutral because
free electrons and holes are formed in pairs. Figure 1.5 illustrates the free electron and hole
concentration of the n-type semiconductor [23].

Free Electrons

Holes

Figure 1.5 N-type semiconductors.
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Energy bands (see Appendix A) in n-type semiconductors are different from those in
intrinsic semiconductors as shown in Figure1.6. In n-type semiconductors other energy level
exists. They are created by donor electrons and they are positioned close to the conduction band.
This new energy band formation allows electrons to flow easier in n-type semiconductors [23],
[36], [37].

Valence Band
EC

EC- ED (1.2)

ED
EG
Donor Level

Free electron
EV
Conduction Band

Figure 1.6 Energy band gap for n-type semiconductor.
Figure 1.7 shows the general temperature dependence of charge carrier concentration in
n-type semiconductors. There is not a gradual increase in carrier concentration with temperature
as the temperature rises from absolute zero. Donor electrons reach the conduction band quickly as
the temperature increases. By the time the temperature reaches a certain quantity (TD), there will
be no more donor electrons left in the valence band. However, if the temperature keeps rising,
there will be electrons making the transition from the valence band to the conduction band. At a
temperature TI , electrons from the valence band and electrons from the donor level are balanced.
The extrinsic semiconductor will start to behave like an intrinsic semiconductor after this
temperature [23], [36].
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ln(n)
Intrinsic Range

Exhaustion Range

Extrinsic Range

1/T
1/TI

1/TD

Figure 1.7 Temperature dependence of charge carrier concentration [53].

2.

P-Type Semiconductors

If a trivalent impurity that has 3 electrons in the outer shell (gallium (Ga), indium (In),
and boron (B)) are added to a pure semiconductor, the doping atoms will replace some of the
semiconductor atoms in the crystalline structure as shown in Figure 1.8. These impurity atoms
will leave a hole after they form only three covalent bonds. This trivalent impurity is known as an
acceptor or p-type impurity. In this case, holes are the majority carriers of charge in the crystal as
shown in Figure 1.9 [54].

10

Hole

Figure 1.8 Acceptor impurity of boron creates a hole.

Electrons

Holes

Figure 1.9 P-Type semiconductors.

11

Valence Band

Free holes

Acceptor Level

EG
EA

EA- EV

(1.3)

EV
Conduction Band

Figure 1.10 Energy band diagram of p-type semiconductor
At room temperature, after neighboring atoms migrate to complete the partial bonds, they
will leave behind holes. This will cause a chain reaction and result in a current flow through the
semiconductor. The newly created holes will help improve conductivity (see Figure1.10), but ptype semiconductors are not as conductive as n-type conductors. As a result of these holes,
electrons in the valence band can be excited. In addition, due to the loss of electrons, the system
is not neutral anymore. It has an excess positive charges [54].
Figure 1.11 shows the temperature dependence of charge carriers in p-type
semiconductors. The behavior is similar to n-type semiconductors depending on the temperature.
In this case, holes are the majority charge carriers. Also, another difference in n-type
semiconductors is that they have an exhaustion phase between the extrinsic range and intrinsic
range. In p-type semiconductors, this transition is called the saturation range [53], [54].
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ln(n)
Intrinsic Range

Saturation Range

Extrinsic Range

1/T
1/TI

1/TD

Figure 1.11 Temperature dependence of charge carrier concentration [53].

2. Crystal and Atomic Structure of Semiconductors

A crystal structure is a specific arrangement of atoms or molecules in a crystalline
substance. Specifically, a crystalline structure has a 3-D order that repeats periodically and
creates bonds with the nearest neighboring atoms. The crystal structure is composed of unit cells
and lattices. A unit cell is a formation of one or more atoms arranged in three dimensions. Unit
cells are the basics of the crystal structure and they specify the entire crystal structure according
to the positions of the atoms within. Atoms take positions in a unit cell in four different ways;
simple, side centered, body centered, and face centered as shown in Fig. 1.12 [45].
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Simple
cubic

Body
centered
cubic

Side
centered
cubic

Face
centered
cubic

Figure 1.12 Cubic unit cells
Lattices are the geometric arrangement of points where atoms or molecules are positioned
in a crystalline structure. That is, a single crystal of a crystalline material looks similar to all other
crystals of that material. There are seven lattice systems: triclinic, monoclinic, orthorhombic,
rhombohedral, tetragonal, hexagonal, and cubic [45].
Inside the crystal lattice there exists valence electrons in the outer shells. These electrons
contribute to the formation of covalent bonds that keep the atoms together in specific structures in
the lattice. Germanium (Ge) and silicon (Si) are the two most common semiconductors. A
germanium atom has 32 electrons spread in four orbits while silicon has 14 electrons divided into
three orbits. The outermost shell is called the valence orbit which contains 4 electrons in both
cases, shown in Figure 1.13. The crystals are in a tetrahedral structure and each atom makes a
covalent bond with one of its neighboring atoms [23], [45], [55].

14

Covalent
Band

Valence
Electron
Figure 1.13 Crystal Structure of Germanium (at T=0K)
There will be no change in the crystal structure around absolute zero temperature.
However, as temperature rises, the electrons that are bound tightly by covalent bonds will break
away and become free from the crystal structure. Not only will there be free electrons in the
system, but holes will also be formed (see Figure 1.14). Whenever a free electron occurs, a hole
will be formed simultaneously. Thus free electrons and holes are always created in pairs when
there is a positive temperature difference in the system. The motion between free electrons and
holes increases the electric current in the direction of motion of the holes, shown in Figure 1.14.
Free electron-hole pair generation is known as thermal generation in semiconductors, which can
be seen in Figure 1.15 [23], [45].

Free electron
Hole

Figure 1.14 Crystal structure of Ge atom at room temperature
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Energy

Conduction Band

Electron
hole pair

Free
electron
Hole

Valence Band

Figure 1.15 Generation of electron hole pair in an intrinsic semiconductor
14: Silicon

2,8,4

32: Germanium 2,8,18,4

51: Antimony

2,8,18,18,5

Electrons

Nucleus
Figure 1.16 Atomic structures of Si, Ge and Sb

Figure 1.16 shows the structure of a silicon atom. It includes 14 protons and 14 neutrons
in the nucleus. There are 14 electrons surrounding the nucleus in different orbits. The order of
electrons in the shells are 2 electrons in the first shell, 8 electrons in the second shell, and 4
electrons in the outermost orbit. Furthermore, Figure 1.16 displays the atomic structure of a
germanium atom. A germanium atom contains 32 protons and 32 neutrons. Besides the inner
16

electron shells, there are 4 electrons in the outer shell. The antimony atomic structure is also
shown in Figure 1.16. It can be seen that the antimony atom has 51 protons and 51 neutrons. In
the outermost shell are 5 electrons [56].
In general, the electrons in the inner orbits do not leave the atom. However, the electrons
in the outermost shell are tightly bound to the nucleus. These electrons are known as free
electrons. The other electrons in the inner orbits of the atom make tight bonds to the nucleus, and
are called bound electrons. As mentioned previously, the free electrons in the valence shell may
travel from one atom to another in the crystal lattice or they may travel among the atoms and
make bonds with other neighboring atoms. Due to these free electrons in the material, electrical
conduction occurs [46], [47].
There are a couple of theories that explain why atoms give or take electrons. The first
approach is that chemical stability is a defining factor for atoms to give up their electrons. When
an atom is chemically stable, it resists giving up electrons. However, if it is unstable, the electrons
tend to be free. The level of stability is determined by the number of valence electrons, since the
atom aims to completely fill its valence shell. If the electrons in the valence shell are more than
half filled, then the atom tends to fill its shell. The maximum number of electrons that can be kept
in the valence band is eight. Insulators have mostly five or more valence electrons and they try to
gain electrons. Unlike insulators, conductors have four or fewer electrons in the outermost orbits
and tend to empty their unfilled outer shells [40], [46].
Semiconductors, like silicon and germanium, have four valence electrons and are neither
good conductors nor good insulators. On the other hand, the element antimony is considered an ntype impurity material. It has one more valence electron than semiconductors like silicon and
germanium [57].
If atoms are described with respect to their energy bands, it can be said that an electron
that is in the first shell possesses a small amount of energy. The greater the distance from the
nucleus, the greater the total electron energy becomes [58].
17

If there is an external effect such as radiation, it can excite the electrons to the next
energy level. However, those electrons that are excited to an upper energy state will not stay
there. They will release the extra energy in the form of heat, light or other forms of radiation, and
will return to their original energy levels [23].
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CHAPTER II

THERMOELECTRIC MATERIALS AND DEVICES

A. Thermoelectric Materials

Thermoelectric (TE) materials are expected to be very important for high-temperature
power generation applications, in particular, to store waste heat energy. The conversion of waste
heat into electrical energy could take on an important role in the challenge to create a new energy
technology which could lower the dependence on fossil fuels while decreasing greenhouse gas
emissions [30].
Thermoelectric devices have no moving parts. Also they are silent, reliable, and scalable.
However, in many applications, thermoelectrics have not been very cost effective. In the 1990s
theoretical models showed that thermoelectric efficiency could be remarkably improved through
nano-size engineering. This led to experimental studies in creating high-efficiency materials.
Additionally, complex bulk materials (such as Skutterudites, Clathrates and Zintl phases) have
been examined. It has been shown that achieving higher efficiencies is possible [31].
Materials that are considered as thermoelectrics usable in TE device applications include:


Bismuth Chalcogenides



Lead Telluride



Inorganic Clathrates



Magnesium group IV compounds



Silicides



Skutterudites
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Oxides



Half-Heusler alloys



Electrically conducting organic materials



Silicon-germanium



Functionally graded materials



Nanomaterials [32]

B. The Thermoelectric Effect

The three best known thermoelectric effects are the Seebeck effect, the Peltier effect, and
the Thomson effect. All basically explain the conversion of heat energy into electrical energy or
vice versa [2].
As shown in Figure 2.1(a), the Peltier effect involves the conversion of an electric voltage
into a temperature difference which can be used for refrigeration purposes. Applications include
deep space processors, microprocessor cooling, automotive seat cooling, etc. Recently there have
been many new findings in nanometer-scale structures, focusing on exploring thermoelectric
properties [5]. The Peltier effect can be expressed mathematically as
jQ = П j x (ҡ ΔT) (2.1)

Where:
• П is the Peltier coefficient.
• j is the electric current density.
• ҡ – heat conductivity.
• jQ – heat current density [75].
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Figure 2.1 Thermoelectric effect.
As soon as a temperature gradient is introduced in a conductor, electrons are driven from
the hot side to the cold side [7]. The electrical properties of the conductor define the path that the
electrons will follow. In the case where electrons travel from the hot part toward the cooler part of
the conductor, a negative thermoelectric emf (electromotive force) will be produced with respect
to the hot end. Likewise, in a vice versa scenario, electrons go to the hot end from the cold end of
the conductor; a positive thermoelectric emf is formed. This is known as the Seebeck effect, first
recognized by physicist Thomas Johann Seebeck (1770-1831) [8]. This voltage, shown in Figure
2.1(b), known as the Seebeck emf, can be expressed as
Eout = α (TH – TC)

(2.2)

Where:
• α = dE / dT = αA – αB
• α is the differential Seebeck coefficient or (thermo electric power coefficient) (volts/K) between
the two.
α is positive when the direction of the electric current is in as the direction of the thermal current.
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• Eout is the output voltage in volts.
• TH and TC are the hot and cold thermocouple temperatures, respectively, in K [8].
In 1854, Lord Kelvin (William Thomson) realized that if a temperature gradient is
created in an electrical conductor, an energy interaction will be created in the system. This causes
to form a power source that is either absorbed or rejected depending on the relative direction of
the current and the temperature gradient. The power
and the temperature gradient

is proportional to the electric current I (A)

(K/m), that is;

(2.3)
where

is the Thomson coefficient [59].
An active current flow will attract charge carriers to a region of different temperature.

While charge carriers are being moved, they reject or absorb heat in order to remain in thermal
equilibrium with their surroundings. However, there are reversible and irreversible effects in
thermoelectricity. Due to the electrical resistivity of the conductors and the thermal contact, Joule
heating occurs, which is an irreversible process. On the other hand, the thermal energy conveyed
by the moving charges is reversible, which is known as the Thomson effect. In other words, the
Thomson effect is the result of heat created by, or drawn from, the conductor depending on the
product of the current density and the temperature gradient [6].
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CHAPTER ІІI

FABRICATION AND CHARACTERIZATION TECHNIQUES

A. DEPOSITION TECHNIQUES

1. Ion Beam Assisted Deposition

Ion beam assisted deposition (IBAD) is a thin film deposition technique that involves
evaporation and concurrent ion beam bombardment in a high vacuum environment, as shown in
Figure 2.1. The coating is formed by applying a high power electron beam first. After that,
components are positioned into the vapor. Coating atoms or molecules condense and adhere to
the surface of the substrate to produce the coating. Correspondingly, highly energetic ions (1002000 eV) are produced and are directed onto the component surface. The substrate is placed at the
intersection of the evaporator and ion beam. The concurrent ion bombardment distinguishes
IBAD from any other thin film deposition technique. It noticeably enhances adhesion and it
permits control over film features such as morphology, density, stress level, crystallinity, and
chemical composition. Ion bombardment effectively combines the coating and substrate atoms.
This prevents the columnar microstructure that is regularly observed in conventional, low
temperature physical vapor deposition [33].
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Figure 3.1 Ion beam assisted deposition system.

2. DC/RF Sputtering

DC or RF sputtering is chosen depending on the target material. If the target material is
a conductor, a constant voltage will be ideal to accelerate the ions in order to have enough energy
to extract sputtering atoms as they hit the target. Moreover, a conductor target will allow the
resulting charges move freely and prevent any charge build up as the ions make contact with the
surface. On the other hand, an insulator target will resist free charge movement in the material. If
the ions which are accelerated by constant voltage are applied to the insulator target, charge will
build up. As a result, the ion beam bombardment will not affect the surface anymore. An
alternating current source is applied to the target so that the heavy ions will not follow the
shifting, and only electrons will strike the target [49].
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Figure 3.2 RF / DC Sputtering.

A. Characterization Techniques

1. Electrical Characterization

a. Van der Pauw sheet resistivity

The Van der Pauw sheet resistivity arrangement (see Appendix C) is used to measure the
sheet resistivity of thin films and semiconductor wafers. The resistivity test helps determine the
quality of thin films deposited on a silicon wafer. The sheet resistance is measured by sending a
DC current through the outer two probes, while the stage is raised until slight contact has been
made by the wafer and probe tips. In this way, an electrical circuit is formed. Thus, this circuit
creates a voltage difference in the inner two probes and the resistivity values can be read through
a digital multi-meter [24].
25

Figure 3.3 Van der Pauw sheet resistivity set-up.

2. Thermoelectrical Characterization

a. Seebeck Coefficient measurement

Seebeck coefficient measurements are important for examining semiconductors and
metals for thermoelectric power generations applications. Thermoelectric power is a promising
alternative energy source, to reduce the use of fossil oil in the future. The idea behind
thermoelectric power generations is the conversion of heat to useful electric power. It can be
applied in many areas, like the automobile industry, which consumes a large percentage of fossil
sources today [47], [48].
The Seebeck effect is the physical principle of the thermocouple. In practice, a
thermocouple is a thermoelectric device made of two different metals bonded at two points with a
voltmeter positioned between two junctions, as shown in Figure 3.4. Since metals are conductors,
the electrons are free to move. The electrons tend to travel from the hot junction to the cold. In
the case where the wires are the same metal, the voltmeter shows no voltage difference because
the electrons are distributed evenly. However, if the connected wires are made of different metals,
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there will be a voltage difference between junctions. This result is caused by the difference in
transport properties of the two metals. The free electrons belonging to the two different metals
will also have a difference in their speeds. The Seebeck coefficient is defined as a thermoelectric
measure of the magnitude of the voltage produced by a temperature gradient across a material
[47], [48].

Δ
S= Δ

(3.1)

In semiconductors, this affects the majority carriers (holes for p-type or electrons for n-type).
The movement of carriers from a hotter area to a cooler one forms a dc potential. For electrons
this creates a negative voltage and for holes this creates a positive voltage. Since there are many
variables in the process of making semiconductor materials, such as doping densities and the
crystallinity phase, it is not possible to calculate the Seebeck coefficient directly. Therefore, it
must be measured experimentally [47], [48].

Higher Temp
Junction

Two dissimilar metals
Lower
Temperature
Junction

Figure 3.4 Seebeck effect.
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b. Thermal Conductivity Measurement

1. 3 ω Technique

Figure 3.5 shows the geometry of the samples as a cross-section for the cross-plane 3ω
thermal conductivity measurement. Thermal conductivity and heat transfer processes in
superlattice structures are important in studies on low thermoelectric and thermionic devices [73].
In the 3ω technique, a micro-fabricated metal wire is placed on the specimen to act as an
antenna and resistive heater. An alternating current (ac) voltage signal passes through the
specimen to drive the heater with a frequency ω. At a frequency of 2ω, there are oscillations in
the electrical resistance of the metal as a result of the periodic heating process. There is also a
third harmonic (3ω) in the voltage signal, which determines the magnitude of the temperature
oscillations. In conclusion, thermal properties of the specimen depend on the frequency of these
oscillations [28].

SiO2
Multilayers
SiO2 + Ge

Silicon Substrate

Figure 3.5 Sample cross-section for thermal conductivity meaurements.
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3. Optical Characterization

a. Atomic force microscopy

Atomic force microscopy (AFM) is one of the many techniques of Scanned Probe
Microscopy (SPM). The Scanning Tunneling Microscope (STM) was the first of many techniques
of SPM and developed by Binnig & Rohrer, who were awarded the Nobel Prize for Physics in
1986. STM uses the tunneling of electrons (as a reference point) injected through a sharp metal
probe tip in contact with the sample. However, AFM has been improved as an independent
technique and has more application than SPM/STM. AFM examines surface morphology and
properties by using a fine tip contacting the surface. AFM was invented by G. Binnig, C.F. Quate
and Ch. Gerberin in 1985. A constant force is applied to the sample by the probe while the probe
follows parallel lines scanning the sample across its surface. This establishes a three dimensional
map of the sample as the probe analyzes the surface. The motion of the probe over the surface is
controlled by piezoelectric translators in the X and Y directions.
AFM capabilities;


Applicable in air or water,



Creates a topographic map on the nanometer-scale,



Usable on surfaces that are not good conductors,



Can also measure mechanical, magnetic, electric, optical, thermal, and chemical
properties [18].
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Figure 3.6 Atomic Force Microscopy set-up at CIM.

b. Raman Spectroscopy

Raman spectroscopy was first developed in 1927. Since then, it has been very attractive
not only for material research but also for spectroscopic measurements. Lasers with
monochromatic photons at high flux densities were essential in the history of Raman
spectroscopy, and these developments have lead to substantial improvements in scattering signal
amplitudes [19].
Raman spectroscopy employs the inelastic scattering characteristic of light. Firstly, an
electron is transferred to the conduction band from its valence energy band by absorbing a
photon. Then the excited electron in the conduction band emits (and/or absorbs) phonons. Finally,
the electron returns to its original state emitting a photon. A Raman signal occurs when the
photon, whose energy is smaller than that of the incident photon, is scattered. As a result, phonon
frequencies will be created depending on the intensity and frequency [20].
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Figure 3.7 Olympus BX-40 Raman Spectroscopy set-up at CIM.

4. Elemental Characterization Techniques

a. Rutherford Backscattering Spectrometry

In the surface layer analysis of solids, Rutherford Backscattering Spectrometry (RBS)
has been the preferred method over the years. The method starts with bombarding a target with
ions between 0.5–4 MeV. Then, it continues with energy measurements of the backscatter using a
solid state detector. RBS analyzes the concentration of a material quantitatively and investigates
individual elements for their thickness on samples as well. However, when it comes to examining
light elements, RBS is not sensitive enough to detect the structures and other nuclear based
methods, such as the nuclear reaction analysis (NRA) or the elastic recoil detection analysis
(ERDA) must be used [17].
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RBS measurements have been taken and analyzed by a computer program called
Rutherford Universal Manipulation Program. It was first introduced by M. Thompson in 1985.
This program determines the elemental compositions from the experimental spectrum. The
program sees the structure as layers of the same concentration, thus requires real parameters for
the concentrations and thicknesses of the layers. The RUMP code creates a hypothetical spectrum
measurement and a depth profile analysis for targets with different thicknesses [24].

Figure 3.8 Rutherford Backscattering Spectrometry set-up at CIM.
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5. Modification of Thin Film Devices by Annealing and High Energy Beam
Bombardment

a. High Energy Beam Modification for High Efficient Materials with AAMU
Accelerator

Defects in samples have been created using techniques such as metallic ion implantation
and thermal annealing for years now in order to modify the linear and the nonlinear optical
properties near the surface of silica glass. However, high energy beam bombardment seems to be
more preferable over other defect creators for producing nano clusters [72].
The goal of this thesis research is to see if there is a change in the figure of merit values
after bombarding the superlattice structure with MeV Si ions. The bombardment creates
nanoscale quantum dot structures. An increase of the Seebeck coefficient and electrical
conductivity is expected due to these structures. This is caused by an increase in the electronic
density of states in the nano scale formations. Besides forming nano clusters, the bombardment
will affect the whole structure of the samples, creating reﬂections at the lattice interfaces and the
grain boundaries of these quantum dots formed by bombardment. In addition, the bombardment
will increase the scattering of phonons, the inelastic collisions of phonons, and obstruct heat
transport in a direction perpendicular to the lattice. Phonons are chieﬂy absorbed and then
dissipated along the lattice, so the cross-plane thermal conductivity decreases [71].
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Figure 3.9 Pelletron 5 MeV Si Ion Bombardment set-up at CIM.

b. Thermal Annealing

Annealing can improve the microstructural and mechanical properties of materials.
Annealing is a very well-known procedure which has been employed since ancient times.
Metallurgists have heated materials, like metals in fire for long periods of time and then cooled
them by burying or covering with clay or sand. Cycles of heating and cooling change the
properties of materials with the goal of obtaining an improved structure. This process has
undergone much advancement and can be accomplished accurately and neatly using a well
controlled annealing furnace. This process has been used extensively in material science and in
thin film physics research [34].
Annealing causes considerable changes in the structural, electrical and optical properties
of semiconductor thin films. It can be used for many purposes such as mixing the elements in the
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thin films to forming homogeneous structures, and promoting the inter-diffusion of multilayer
thin films, thereby forming new materials with better thermal stability and lower resistivity. In
addition, quantum dots can also be formed using thermal annealing techniques [62], [63].

Figure 3.10 Fisher Scientific Furnace set-up at CIM.
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CHAPTER IV

EXPERIMENTAL METHOD

Using ion beam assisted deposition (IBAD) and DC/RF Sputtering,100 alternating layers
of SiO2/SiO2+Ge, 50 alternating layers of Si/Si+Sb, and 40 alternating layers of Si/Si+Ge
nanolayers thin films have been deposited on silicon (Si) and fused silica (suprasil) substrates.
The multilayers were formed by sequentially depositing SiO2 and SiO2+Ge, Si and Si+Sb, Si and
Si+Ge layers on the substrates. These thin films build a periodic quantum well formation which
includes 100 alternating layers with a total thickness of 134 nm of SiO2/SiO2+Ge, 50 alternating
layers with a total thickness of 334 nm of Si/Si+Sb, and 40 alternating layers with a total
thickness of 640 nm of Si/Si+Ge.
Two electron-gun systems have been used in both IBAD and DC/RF sputtering to
evaporate two solids, turning each system on and off alternately, to form multilayers. The base
pressure measured in the IBAD chamber was 5.3
3

Torr during the deposition process and

Torr in the DC/RF Sputtering chamber. The film geometries used for deposition and

Seebeck measurements on SiO2/SiO2+Ge nano layers thin films are shown in Figure 4.1.

SiO2
Multilayer

SiO2 +Ge

Figure 4.1 Film geometry for Seebeck measurements.
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To form nano structures, as seen in Figure 4.2 and Figure 4.3 (nano dots and/or nano
clusters), and defects in the thin films, two techniques have been used. One of the techniques is
thermal annealing, and the other is high energy ion beam bombardment. The thermal annealing
technique was applied to thin films for an hour at various temperatures. 5 MeV Si ion
bombardment using the Pelletron ion beam accelerator at the Alabama A&M University Center
for Irradiation of Materials (CIM) was also been used on these thin films. The thin films were
bombarded using five different fluencies which were between 1×1012 ions/cm2 and 7×1013
ions/cm2. Before and after the annealing, the Dilor-JOBIN YVON-SPEX Raman Spectrometer
was used to analyze the multilayer films for determining the order of the system and the bonds
among the introduced elements in the multilayers. Also, surface morphologies of the thin films
were obtained in this study with the AFM before and after the annealing. Finally, Rutherford
Backscattering Spectrometry (RBS) was used to determine the total ﬁlm thickness and
stoichiometry of the multilayer super lattice thin films.

Figure 4.2 Modification of thin films by Si ion bombardment and heat treatment in the furnace.
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Figure 4.3 Quantum Dot formations on the superlattice multilayer thin films.
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CHAPTER V

RESULTS AND DISCUSSIONS

Lately, there has been interest in Semiconductor devices because of their thermoelectric
applications in cooling and power generation. Thermoelectric properties of semiconductors may
vary depending on the orientation of the semiconductors. There were two orientations used while
doing experiments on the thin films. The first was in-plane which was along the film plane, and
the other was across-plane which was perpendicular to the film area. It is thought that a strong
scattering interface may affect electrons and phonons in the cross-plane direction of thin films
more than those in the in-plane direction. To understand thermoelectric power generation in the
cross-plane direction, one needs to measure the Seebeck coefficient. This method has been
applied to SiO2/SiO2+Ge thin films.

Figure 5.1 Top view of the SiO2/SiO2+Ge thin films.
The structure in Figure 5.1, was used to study the Seebeck coefficient. Since the Seebeck
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coefficient of the Au lead is small compared to the semiconductor, the contribution of the lead is
neglected in the experiment. Seebeck coefficients of SiO2/SiO2+Ge and Si/Si+Sb multilayer thin
films at different fluencies are shown in Figure 5.2 and Figure 5.3. The original Seebeck values
are negative, meaning there is negative thermo power, with electrons as the main charge carriers,
in these structures. The cross-plane Seebeck coefficients in Figure 5.2 (a) display the fluence
dependence at various temperatures. There is no obvious correlation. In Figure 5.2 (b), the
temperature remained stable at 25 0C while the fluences were varied. The unbombarded sample’s
Seebeck coefficient is -175.33 μV/ K at 300 K as shown in Figure 5.2 (a). However, this value
decreased to -344.02 μV/ K at 380 K as shown in Figure 5.2 (a). In Figure 5.2 (b), the maximum
change in the Seebeck coefficient is at 300 K for fluencies of 1

to 7x1012 (Si ions)

ions/cm2.
Figure 5.3 (a) illustrates the fluence dependence of the cross-plane Seebeck coefficient
for 50 alternating layers of Si/Si+Sb thin films at different temperatures. The coefficient exhibited
no clear trend with temperature or with fluence. A large Seebeck coefficient is one of the desired
features of thermoelectric devices and thermoelectric materials. The largest Seebeck coefficient
was measured for a fluence of 7x1012 ions/cm2 at 300 K. An increase of the Seebeck values can
be interpreted as an increase in the electron state density in the energy bands of the quantum dot
formations created by ion bombardment [16], [61].
Each data point in Figures 5.2-5.6 represents an average of three measurements on the
same sample. Error bars indicate the standard deviation. An investigation onto the physics that
might explain some of the odd behavior shown in the figures is beyond the scope of this thesis.
Because all standard deviations are about equal, error bars are not shown on all data points.
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Figure 5.2 The fluence dependence of the cross-plane Seebeck coefficients of SiO2/SiO2+Ge
multilayer thin films (a) at different temperatures (b) at room temperature.
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Figure 5.3 The fluence dependence of the cross-plane Seebeck coefficients of Si/Si+Sb multilayer
thin films (a) at the different temperatures (b) at room temperature.
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Ion bombardment of thin films causes disorder in the crystal structure of semiconductor
thin films which decreases the electrical conductivity. However, an additional consequence is an
increase in the density of electron states due to the structure formed by ion bombardment. Thus,
cross-plane conductivity of the thin ﬁlm actually increases. As a result of the enhanced density of
electronic states, the cross-plane Seebeck coefficient of the ion bombarded thin ﬁlm also
increases. That is, the thermoelectric figure of merit of the film increases [16], [22].
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Figure 5.4 The fluence dependence of Van der Pauw resistivity measurements of SiO2/SiO2+Ge
multilayer thin films (a) at the various temperatures (b) at 300 K.
The Van der Pauw technique (see Appendix C) is a widely used technique that
determining the resistivity of semiconductor samples. Measurement are taken by using four very
small ohmic contacts which are in contact with the thin film plate, preferably in the corners.
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Figure 5.4 and 5.5 demonstrate the fluence dependences of the Van der Pauw resistivity
of 100 alternating layers of SiO2/SiO2+Ge and 50 alternating layers of Si/Si+Sb thin films at
temperatures between 300 K and 550 K respectively. The thin films were annealed for an hour
over the temperature range 300 K to 550 K. There are increases and decreases in the resistivity
values as seen in Figures 5.4 (a) and 5.5. The increases might be the result of annealing.
However, Figures 5.4 (b) and 5.6 show that the resistivity values gradually decrease at 300 K
with increasing bombardment fluence. This result is an expected behavior of semiconductor films
exposed to ion bombardment. In Figure 5.4 (a) the data points for 7x1012 (triangle) ions/cm2 and
1x1013 (circle) ions/cm2 overlap. The result of the high energy Si ion bombardment is nano dots
and/or nano clusters in the thin film structure. These formations are likely to be the reason for the
increase in the number of majority charge carriers. During bombardment, electrons may gain
enough energy to transition from the top of the valence band to the lowest part of the conduction
band. In other words, the ion bombardment tends to lessen the gap between the valence band and
conduction band. This causes a reduction in electrical resistivity and an increase in electrical
conductivity. Creating this has been one of the goals in producing efficient thermoelectric devices
[23].
Raman Spectroscopy analyzes the vibrational modes in a system, where laser light
interacts with molecular vibrations or phonons, causing an energy shift [60]. The type and
strength of the intermolecular interactions plays a crucial role in determining the resulting order
of the molecules. Different molecular interactions are dominant depending on this order (H
bonding or electrostatic forces) [68].
The phonon structure of the sample can be studied with Raman scattering, a technique
well suited for the analysis of thin Ge films on Si [70]. A Dilor-JOBIN YVON-SPEX Raman
Spectrometer was used to examine the SiO2/SiO2+Ge multilayer thin films for system order and
bonds among the mentioned elements. The Raman spectra of SiO2/SiO2+Ge covers three broad
regions corresponding to the modes of the Ge±Ge, Si±Si, and Si±O2 bonds, respectively [69].
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Figure 5.7 displays the temperature annealing dependence of the Raman Spectra of 100
multilayers of SiO2/SiO2+Ge thin films at different temperatures. Nine samples were used to
obtain the Raman Spectra, and the samples were identical. Each sample was subjected to one
specific annealing temperature. Figure 5.8 demonstrates the annealing temperature dependence of
the Raman spectra for 100 multilayer SiO2/SiO2+Ge thin films. The peaks are attributed to a GeGe mechanism in the polycrystalline layers at near 300 nm as shown in Figure 5.7 and in detail in
Figure 5.8 (a). There is a peak in Figure 5.7 and 5.8 (b) around 525 nm corresponding to the
single crystal Si substrate., However, the Ge contribution decreases, indicating that the amount of
Ge in the thin film depends on the annealing temperature [21].

Raman Spectra of 100 Multilayers of
SiO2/SiO2 +Ge Thin Films

Figure 5.7 Raman Spectra of the thin films with 100 multilayers of SiO2/SiO2+Ge.
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Figure 5.8 (a) Details of Raman Spectra of Ge peaks (b) Raman Spectra of Si peaks (c) Raman
spectra of Si=O2 bonds.
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In Figure 5.9 (a), Raman Spectra of Si/Si+Sb thin films are shown at different fluencies for
amorphous multilayer films. To be able to examine the multilayer films for order among the
bonds of the mentioned elements, a Dilor-JOBIN YVON-SPEX Raman Spectrometer was used.
Sb-Sb phonons are clearly distinguished in the energy-loss spectrum. The Sb-Sb phonons are
especially important because they define the degree of intermixing across the Si-Sb interface. A
peak at 200 nm suggests a Sb-Sb contribution from polycrystalline layers. A sharp high intensity
peak is however observed around 160 nm, suggesting a single crystal contribution from the
uannealed Sb substrate. Only a slight shift to 155 nm is seen after annealing at 100 0C as shown in
Figure 5.9 (b) [61].

Sb

(a)

Sb

(b)
Figure 5.9 (a) Raman Spectrum of unnanealed 50 multilayers of Si/Si+Sb thin films, (b) Raman
Spectrum of 50 multilayers of Si/Si+Sb thin films annealed at 100 0C.
Surface morphology of the Si/Si+Ge thin films is determined using the AFM technique.
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Thickness, grain size, average roughness and rms roughness are crucial parameters for analyzing
thin film microstructural properties. In this research, Si/Si+Ge thin films were deposited with
thicknesses ranging from 5 to 25 nm onto n-type Si (100) substrates by ion beam deposition and
were annealed for an hour at 100 oC and 200 oC so as to synthesize these multilayers.
The goal was to investigate the effects of annealing as a function of Si/Si+Ge thin film
thickness. Grain size, grain height, and thus, surface roughness and film density increase with
increased annealing time [26]. With increased annealing temperatures, an enhancement in the
crystallinity of the film and crystallite sizes expected [25]. The observation is that there is a clear
difference in the samples annealed for an hour at 200 0C (see Figure 5.12) with respect to surface
roughness, shown in Fig. 5.11 and 5.12. In Figure 5.11 the 3D clusters are found to have lateral
dimensions of 0–1000 nm and heights of 0–6 nm. However, in Figure 5.12 the lateral dimensions
are between 0-5µm with heights between 0-25 nm. The films annealed at 100 0C are
comparatively smoother [64].

Figure 5.10 Atomic Force Microscopy (AFM) surface morphology of unannealed 40 multilayers
of Si/Si+Ge thin film.
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Figure 5.11 Atomic Force Microscopy (AFM) surface morphology of 40 multilayers of Si/Si+Ge
thin films annealed at 100oC.

Figure 5.12 Atomic Force Microscopy (AFM) surface morphology of 40 multilayers of Si/Si+Ge
thin films annealed at 200oC.

Antimony is in the nitrogen group (group 15) and has an electro negativity of 2.05. As
expected from periodic table trends, it is more electronegative than tin or bismuth, and less
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electronegative than tellurium or arsenic [11]. Antimony is increasingly being used more often in
the semiconductor industry as a dopant for heavily doped n-type silicon wafers in the production
of diodes [12], infrared detectors, and Hall-effect devices. In the 1950s, tiny beads of leadantimony alloy were used to dope the emitters and collectors of n-p-n alloy junction
transistors with antimony [13]. Indium antimonide is used as a material for mid-infrared detectors
[14].
Since interest has increased in Si/Sb multilayer thin film technology, preparations of
silicon (Si) doped with antimony (Sb) have motivated many studies in recent years. The surface
morphology can be characterized by Atomic Force Microscopy (AFM). In Figure 5.13, and 5.15,
the 3D clusters are found to have lateral dimensions of 0–1000 nm and heights of 0–12 nm.
Figure 5.14 shows the lateral dimensions of 0–1000 nm and heights of 0–10 nm for Si/Si+Sb thin
films annealed at 100 0C. Comparing these figures, the trend seems to be that as the annealing
temperature increases, the surface become flatter and surface roughness increases. In addition the
surface alternates clearly from irregularly rough to densely populated with dome-like structures
[74].
The presence of Sb during the Si homo-epitaxy has dramatically altered the surface
morphology. It is well known that Sb has a great effect on Si homo-epitaxy for nominal Si (111)
surfaces [15]. Sb not only prevents the roughening of the surface, which occurs usually during the
growth on disoriented substrates, but also flattens it (mono-atomic steps instead of tri-atomic
ones). As a result of annealing, the surface of the Si/Si + Sb multilayer thin films became
smoother, as shown in Figures 5.13, 5.14 and 5.15. If proper annealing temperatures can be
determined, the efficiency of TE devices could be increased.
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Figure 5.13 Atomic Force Microscopy (AFM) surface morphology of unannealed Si/Si+Sb thin
films.

Figure 5.14 Atomic Force Microscopy (AFM) surface morphology of Si/Si+Sb thin films
annealed at 100oC.
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Figure 5.15 Atomic Force Microscopy (AFM) surface morphology of 50 multilayers of Si/Si+Sb
thin films annealed at 200 oC.
To be able to measure the stoichiometry of each Si/Si+Ge and Si/Si+Sb layer identical
multi-layer Si/Si+Ge and Si/Si+Sb superlattice thin ﬁlms were grown on a glassy polymeric
carbon (GPC) substrate for Rutherford backscattering spectroscopy (RBS) analysis. GPC was
chosen for RBS measurements because carbon is a low mass substrate material that allows all
possible elements used in the alternating layers to be detected, as seen in Figure 5.16 and Figure
5.17. RBS measurements were done using 2.1 MeV He+ ions. A silicion planar detector was
located at 170° from the incident beam to monitor the thin ﬁlm thickness and stoichiometry.
Results are shown in Figures 5.16 and 5.17. Depending on the compostion of different layers, the
thickness varied. Elements deposited on the substrates are detected at the energy channel
numbers. Analyzed values of RBS were provided by a computer program called the Rutherford
Universal Manipulation Program (RUMP).
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Figure 5.16 RBS and corresponding RUMP Simulation of Si/Si+Ge thin films.
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Figure 5.17 RBS and corresponding RUMP Simulation of Si/Si+Sb thin films.
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V. CONCLUSION

One hundred alternating layers of SiO2/SiO2+Ge, 50 alternating layers of Si/Si+Sb, and
40 alternating layers of Si/Ge+Si nanolayers thin films have been deposited on silicon and silica
(suprasil) substrates by using the technique of ion beam assisted deposition (IBAD) and DC/RF
Sputtering. The Seebeck coefficients of SiO2/SiO2+Ge and Si/Si+Sb multilayer thin films have
been characterized before and after MeV Si ion bombardment at five different fluencies. The Van
der Pauw resistivities (see Appendix C) of SiO2/SiO2+Ge and Si/Si+Sb multilayer thin films have
been investigated at different temperatures. Raman spectra of SiO2/SiO2+Ge and Si/Si+Sb
multilayer thin films have also been studied. Raman measurements were made to gain
information about order and bond formations in the multilayered systems. AFM images have
been obtained for the Si/Si+Ge and Si/Si+Sb multilayer thin films in order to examine surface
morphologies before and after annealing. In order to investigate the stoichiometry of each Si/Ge,
and Si/Sb superlattice thin ﬁlm layer, RBS data was taken and RUMP simulations were done.
Because thermoelectric devices have a promising future as alternative energy sources, analyzing
semiconductor thin film devices will continue in order to find higher efficiencies.
Thermoelectric (TE) modules have been used to convert waste heat to electricity and in
cooling systems. Thermoelectric coolers and generators have a lot to offer regarding their
advantages over traditional equipment because they are compact, reliable, quiet (no moving parts)
and environmentally friendly. The automotive industry is interested in generating electrical power
from waste engine heat. In addition, it is widely known that NASA’s Voyager and Cassini
missions used radioactive thermoelectric generators. A material’s value for thermoelectric (TE)
applications is indicated by the dimensionless figure of merit,
ZT =
where S is the Seebeck coefficient,

(5.1) [22]

is the electrical conductivity, T is the absolute temperature
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in Kelvin, and

is the thermal conductivity. An increase in the Seebeck coefficient S and a

decrease in the thermal conductivity

have been the goals in improving thermoelectric

performance. Thin films have been used in this work because of the freedom to engineer the
materials at nanoscales. Moreover, in this study, the data demonstrated that high energy ion
bombardments and annealing can positively modify the thermoelectric properties of the
multinanolayer superlattice thin films at specific fluencies and temperatures. In the future,
research will likely continue on these materials to increase the figure of merit values [65], [66],
[67].
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APPENDIX A
Energy Band Theory
Energy bands occur in crystal structures, as shown in Figure A.1. Crystal structures can
exist in almost all metals and semiconductors. In a crystal individual atoms form a very compact
structure. Thus, the resulting energy levels are remade because of the interrelationship between
the atoms. Unless the outer shell electrons, the energy levels of the inner shell electrons are not
changed significantly when atoms fabricate crystals. Energy levels of the outer shell electrons can
be modified noticeably since these electrons make bonds with the adjacent atoms in the
crystalline structure [23].
2N electrons
6N States

Energy

2N electrons
6NIsolated
p states
Atoms

2N electrons
2N s states

2N electrons
2N states
Lower energy levels remain unattended by crystal formation

Distance between atoms
Figure A.1 Energy band formation in a crystal.
It is assumed that N silicon atoms form a crystal structure. The focus will be on the
outermost electrons in silicon, because they will form bonds with the neighboring atoms. Silicon
has 14 electrons in total, with electrons in the outermost orbits belonging to the 3s and 3p subshells, which contain 2N electrons. The distance between atoms will decrease as the interaction
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becomes stronger between neighboring atoms, as shown in Figure A.1. Therefore, the wave
functions of electrons in the outermost sub-shells will overlap. However, the lower energy levels
will stay untouched in most cases [23].
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APPENDIX B

Fermi Level

Figure B.1 displays the energy distribution of electrons in a metal. The Fermi level is
defined as the energy level for which the probability of electron occupancy is 50% or 0.5 at any
given time. All the states above the Fermi level are completely empty at 0 K, and all the states
below the Fermi level are full. For temperatures of the system raises above 0 K, it will also raise
the energy of some electrons will exceed the Fermi energy, and a different maximum energy
value will be created. This Emax will rise only if there is a positive temperature rise in the system.
In addition, increasing the temperature does not only raise the energy, but also states above the
Fermi energy level will be filled by electrons to some extent. As a result of this, there will be
vacancies available below the Fermi level for electrons [23], [27].

T>0

N

N

T= 0

E
Ef

E

(a)

Ef Emax
(b)
_

Figure B.1 Energy distribution of electrons in metals.
The probability F (E) of a state corresponding to energy E being occupied by an electron
at temperature T (K) is given by

F (E) =

(B.1)
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Here k is Boltzmann constant. Three cases of interest are:
(a) At T = 0 K, if E >EF then F (E) = 0, i.e., energy state is empty.
(b) At T = 0 K, if E <EF then F (E) = 1, i.e., energy state is occupied by an electron.
(c) At T ≠ 0 K, and E = EF then F (E) = 1/2, i.e., energy state is 50% occupied.
Figure B.2 illustrates the position of the Fermi level in the energy band diagram. The
Fermi level takes a position between the conduction and valence band, and does not depend on
temperature. The Fermi level energy can be expressed as [23], [44];
Thus

EG =

(B.2)

EG = 2 (EF– EV)

(B.3)

and

where EG is the forbidden energy gap (≈ 1 eV)

Conduction Band
EC

Electrons

Energy

EF

Fermi Level
Holes

EV
Valence Band

Figure B.2 Position of the Fermi level in energy band diagram at 0 K.
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APPENDIX C
Van der Pauw Technique
A schematic of a rectangular Van der Pauw configuration is shown in Figure 2.2.
Resistivity measurements determine the sheet resistance RS. Depending on the terminal positions
there are two characteristic resistances RA and RB, as shown in Figure C.1. The RA and RB are
related to the sheet resistance RS through the Van der Pauw equation [51]:
exp (-πRA/RS) + exp(-πRB/RS) = 1

(C.1)

Also the bulk electrical resistivity ρ can be calculated using:
ρ = RSd.

(C.2)

To obtain these two characteristic resistances, a DC current I is applied through contact 1
and out of the contact 2 and voltage measurements V43 are made from contact 4 to contact 3, as
shown in Figure C.1 [51].
Next, current I is applied through contact 2 to contact 3 while measuring the voltage V14
from contact 1 to contact 4. RA and RB are calculated by means of the following expression [51]:
RA = V43/I12 and RB = V14/I23

I12

(C.3)
V14

V43
1

RA=V43/I12

4

1

RB=V14/I23
4

2

2

3

I23
3

Figure C.1 Schematic of a Van der Pauw configuration used in the determination of the two
characteristic resistances RA and RB.
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